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ABSTRACT 
Feedback loops are a key characteristic of engineering design processes that increase complexity, time 
to market, and costs. However, some feedback loops, due to design iteration, have a positive impact on 
design outcomes (i.e., the quality of the final design), so are worth the time and costs incurred. Other 
loops, resulting from rework, also have a positive impact on the final design but their impact on 
current projects, in terms of their urgency and so interruption, is high. Thus, overall, and drawing on 
socio-technical systems literature, some feedback loops are virtuous circles with a positive impact 
whereas others are vicious circles with a negative impact. In this paper, we report early work exploring 
these interplays between rework and design iteration through the development of process simulation 
models. 
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Product development processes codify ways in which manufacturing organisations deliver new 
products to market in response to customer demands and strategic priorities. These processes involve a 
series of stage-gates, where decisions to proceed or not drive such projects and where, given the 
requisite quality, key performance indicators are cost and time to market. This paper focusses on time 
to market, which, in ideal circumstances, would be as fast as possible and so each gate would only be 
passed through once. However, there are inherent trade-offs because completing a stage too quickly 
risks compromising quality, which can lead to rework if only uncovered at a later stage in the project. 
Rework is a negative feature because it consumes time (Arundarachawat et al., 2009) and therefore 
affects project duration and cost. According to Smith and Eppinger (1997), rework arises from 
changes in requirements or task repetition due to initially imperfect information. 
In contrast, engineering design processes are technical processes through which innovations are 
developed and embedded in products. They provide frameworks for stages of product development 
projects that include the development of designs for the whole product and its parts, which themselves 
may be regarded as independent products. Typically, it is the creativity and capability of the 
engineering design teams that govern their performance in engineering design processes. Engineering 
designers prioritise technical quality and fulfilling all design requirements, but their activities are 
carried out in the context of time pressures. In engineering design, iteration improves quality by 
systematic exploration and understanding of the complexity of design problems, leading to more 
efficient solution-finding processes (Le, Wynn, and Clarkson, 2010). Design iteration enables the 
progressive generation of knowledge, concurrency, and integration of necessary changes (Wynn and 
Eckert, 2017). Although design iteration adds time to design activity and product development, it has 
the potential to improve design quality and so reduce rework in product development projects. Hence, 
a key challenge for design managers lies in establishing a balance between positive feedback loops, in 
the form of design iteration, and negative feedback loops, in the form of avoidable rework. 
This paper explores interplays between these different kinds of feedback loops with a view to producing 
tools that design managers can use to inform decisions about allocating resources and when to stop 
design iteration to complete design tasks on time. In Section 2, three core areas of literature are 
reviewed: in Section 2.1, socio-technical systems approaches; in Section 2.2, feedback loops found in 
engineering design processes, including rework and iteration; and finally, in Section 2.3, the simulation 
of engineering design processes. Sections 3 and 4 provide overviews of the research approach and design 
case study used. Section 5 reports the results of discrete event simulations of the case study's stage-gated 
design process, focussed on rework. Then, Sections 6 and 7 use these results to inform design 
requirements for agent-based simulations of design activities that include design iteration. 
2 BACKGROUND 
Engineering design can be seen as a socio-technical system because both the stage-gated processes 
within which design teams work and the activities of individual designers are systems involving 
people, and so human and organisational behaviours, and technology.  For this reason, in Section 2.1, 
we review literature on socio-technical systems thinking and use it to frame the social and 
organizational aspects of the design process. This is followed, in Sections 2.2 and 2.3, by a review of 
literature on design iteration and rework, and previous work simulating design processes. 
2.1 Socio-Technical Systems approaches 
Socio-technical systems are developed to perform specific tasks. They include technical aspects such 
as technology, infrastructure, and processes; socio aspects, such as people, goals, and culture; and the 
systemic connections between these (Clegg et al., 2017). The outcome of the analysis of these systems 
is a better understanding of how human and organisational factors influence task performance and how 
those technical systems are used. 
The new product development processes within engineering design domains are representative 
examples of complex socio-technical systems, as design is a social process involving team-working, 
complex problem solving, creativity, and information exchange (Robinson 2016). During these 
processes, designers communicate their ideas by different means and record them in documents as 
their understanding of the design solution evolves. Changes in designers' ideas potentially add 
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uncertainty, requiring more exploration of alternatives and making the design process iterative 
(Piccolo et al. 2018). 
2.2 Vicious and virtuous circles and iteration 
Feedback (or causal) loops are an important concept in social and organisational theory, and enhance 
understanding of the relationships between the past and current state of a system (Tsoukas and e 
Cunha 2017). A causal loop that tends to reinforce or amplify a change is called a positive, 
reinforcing, or deviation-amplifying feedback loop, while a closed loop that tends to counteract a 
change is called a negative, deviation-counteracting feedback loop (Masuch 1985). A vicious circle is 
a deviation-amplifying loop that worsens a challenging situation, while a virtuous circle is a deviation-
amplifying loop that improves a good situation (Tsoukas and e Cunha 2017). Vicious and virtuous 
circles are particularly common in social systems, such as organisations, where there are numerous 
heterogeneous and often conflicting causal loops. 
Within product development, both strategy and early design decisions influence the organisational 
structures needed to develop engineering designs and so the social networks formed by design teams. As 
designs develop, new information and constraints emerge and design requirements change, leading 
designers to revisit and revaluate design decisions. These iterations contribute to the quality of the design 
and progression through development processes by facilitating knowledge generation (Wynn and Eckert 
2017). However, iterations also increase project duration and cost, and can cause rework when these 
iterative cycles propagate into different stages. Love (2002) defines rework as the unnecessary effort and 
delays arising from redoing a process or activity not adequately implemented the first time. 
Cho and Eppinger (2001) argue that rework occurs for three reasons: (1) new information obtained 
from overlapped tasks after work has started; (2) inputs changing because of rework on other tasks; 
and (3) outputs failing to meet established criteria. They also distinguish between feedback and feed-
forward rework. Feedback rework occurs because a downstream task fails to meet established criteria, 
and feed forward rework occurs on a downstream task because new information arises from an 
upstream task. In this paper, we simulate how these two kinds of feedback loop (rework and iteration) 
lead to vicious and virtuous circles in product development systems.  
2.3 Computer simulation of engineering design 
A number of frameworks and modelling methods have been proposed to improve the performance of 
business systems. These approaches use emerging computer simulation tools to enhance the design, 
management, and evaluation of such systems. Mykoniatis and Angelopoulou (2020) provide a 
framework for integrating different simulation methods in different domains such as socio-technical 
systems, cyber-physical systems, business and healthcare organizations. Agent-based simulations of 
new product development processes seek to integrate in a much more sophisticated way the social 
interaction between agents, including skill levels and behaviours (see Hassannezhad et al., 2019; 
Fernandes et al., 2017; Crowder et al., 2012). Other simulation methods are now integrating hybrid 
simulation and multi-paradigm simulation to capture the complexity of real systems, providing a more 
comprehensive and holistic view of the system under investigation. 
Djanatliev and German's (2013) framework for multi-paradigm simulation models in healthcare 
captures interactions between different abstraction levels in real-world socio-technical systems. At a 
macro level, there are fewer details and a high abstraction level is required, so this is more appropriate 
for a holistic view including multiple product development projects and is therefore unsuitable 
here. However, of high relevance here are meso-level models, which cover tactical level interactions in 
medium detail, such as product development, and micro-level models which cover operational level 
interactions in fine detail, such as engineering design activities. From an engineering design 
perspective, three approaches to modelling and simulation of iterative process have been identified: (1) 
task-based approaches, where the iteration is a repetition of the task already completed or similar tasks 
in different contexts; (2)  actor-based approaches, where iteration involves a continuous dialogue 
between agents to coordinate; and (3) information-based approaches, in which process information 
determines process behaviour (Wynn, Eckert, and Clarkson, 2007).  
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3 APPROACH 
A key feature of the processes simulated here are two kinds of feedback loop: rework that is governed by 
stage-gated processes (and therefore well-suited to discrete event simulation) and design iteration that is 
driven by individual designers (and so best modelled using agent-based simulation). As a result, a multi-
paradigm simulation approach was needed. We used that proposed by Mykoniatis and Angelopoulou 
(2020) (integrating agent-based, discrete event, and systems dynamics simulation approaches) which 
includes four phases: (1) conceptual modelling, (2) simulation model development, (3) verification and 
validation, and (4) results and documentation. In addition, they identify three important questions when 
using their framework: (1) Why and when does a real-world system require multi-paradigm modelling 
and simulation? (2) What are the interaction points among the different simulation models used? (3) 
How do the simulation models interact with each other to exchange information? 
The first question was answered earlier in this section, when we identified key characteristics of 
design iteration and rework that require a multi-paradigm approach. The results reported in this paper 
relate to the discrete event simulation of rework processes. In part, the work presented was directed 
towards answering the second and third questions, as we discuss in Sections 6 and 7. To this end, the 
discrete event model development has been carried out with cognisance of the requirement to integrate 
with agent-based models of design iteration. For this reason, the conceptual models reported later in 
the paper take account of and begin to answer the last two questions.  
Within Mykoniatis and Angelopoulou's first stage (conceptual modelling) we used Nikolic and 
Ghorbani's (2011) methodological approach for the development of simulations of complex 
sociotechnical systems, as shown in Figure 1. In this research, the first two stages map onto Mykoniatis 
and Angelopoulou's (2020) Phase 1, and the final three stages map onto their Phases 2-4. In the 
remainder of this section, we describe the approach used before introducing the case study and results. 
 
Figure 1: Methodological framework. Reproduced from Nikolic and Ghorbani (2011). 
3.1  Conceptual Model Development (Phase 1) 
Nikolic and Ghorbani (2011) identify the need for a systematic approach to model development as part 
of an ongoing process for standardising modelling practice. These stages are common in software 
engineering design methodologies but include several iterative sub-steps specific to simulation 
modelling. Their first two stages, System Analysis and Model Design, fall into Phase 1 of this research 
and include establishing the purpose of the models and identifying the problem being simulated, key 
stakeholders, and the system to be conceptualised. Next, in model design, for agent-based modelling, 
agents and interactions between them are identified. In this research, the model design process was 
applied to the discrete event simulation models where key process stages and events were identified. 
However, given the need for a multi-paradigm approach, the development of the discrete event models 
also identified key actors and their behaviours with a view to defining requirements for future agent-
based models that represent human behaviours and design iteration. In addition, building the initial 
models in this way helps answer Mykoniatis and Angelopoulou's (2020) second question related to 
interaction points between the models. In this paper, the key process stages used are reported in 
Section 5.1. However, a challenge when modelling design processes lies in the fact that the structure 
and steps in the process to be simulated depend in part of the product being designed and decisions 
made in the design process itself. For this reason, the process reported in Section 5.1 was applied to 
the case study introduced in Section 4.   
3.2 Model development, verification, validation, and reporting of results (Phases 2-4) 
The final three phases of the process used in this research align with  Stages C (Detailed Model Design), 
D (Software Implementation), and E (Model Evaluation) of  Nikolic and Ghorbani's process. The focus 
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of this paper lies in the design of the models and results generated to help answer Mykoniatis and 
Angelopoulou's final two questions. For this reason, we introduce the simulation model that was 
implemented in Section 5.2 and, in Section 0, the results generated and the requirements they create for 
the next stage of the research, namely, the design of future agent-based simulation models. 
4 CASE STUDY 
A generic new product development process provides a sequential progression of development tasks 
(Artmann 2009). Its typical representation is as a stage-gate model, which includes stages with 
predefined checkpoints (gates) that contain deliverables for each functional area that must be passed to 
proceed. This stage-gate model provides a chronological structure (the process) which, for the design 
of a given product, is combined with a product architecture to form the development process structure. 
In this paper, the design of a bicycle handlebar assembly (Figure 2) is used as a case study. The system 
decomposition of the handlebar assembly identifies the teams needed to design the subsystems: the 
brake lever design team, the gear change design team, the handlebar design team, and the handlebar 
assembly integration team. The simulations reported in Section 5 focus on the three design teams. 
The bicycle development process starts when a design request is delivered simultaneously to the brake 
lever and gear change design teams by the handlebar assembly team. The handlebar assembly 
integration team, however, must wait for the two designs to conclude its process. Each design team 
iterates the design for each component. However, in some cases, these feedback loops are coordinated 
(i.e., communicated effectively and on time), while in other cases, they are not (i.e., not communicated 
or communicated with a delay). Where not coordinated, iterations lead to rework, and if the rework is 
not coordinated then that might lead to further rework, in a vicious circle. 
The simulation model introduced in the next section captures interactions between these different 
teams and processes to explore the influence of iteration and rework on system performance, 
considering the possible increment on the workload and the introduction of delays, but also 
improvements in the quality and efficiency of the teams. 
 
Figure 2: Handlebar assembly case study 
5 RESULTS 
In this section we present the results from applying the research approach (Section 3) to the case study 
(Section 4). 
5.1 Conceptual Model Development (Phase 1) 
Using Djanatliev and German's (2013) framework for multi-paradigm simulations in complex socio-
technical systems, different abstraction levels (micro, meso, and macro) and relationships between them 
were identified in the case study. This resulted in the identification of actors, relationships, behaviours, 
and possible states (see Figure 3 and Table 1), and provided  necessary elements for the development of 
a conceptual model to underpin the simulation of the case study design process (see Figure 4 and Table 
2). In this paper, we report on the development of a discrete event simulation model that captures aspects 
of the design process governed by the overarching product development process within which it exists. 
5.1.1 System analysis 
Product development processes are multidimensional by nature, comprising product architecture, 
communication patterns, iterations and rework as key features that interact (Yassine, 2018) within the 
three domains of task quality, project schedule, and design teams. 
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5.1.2 Systems identification 
The system decomposition takes as its staring point Djanatliev and German's (2013) framework 
diagrams, as shown in Figure 3. In our case study, at the micro-level there are the design teams and the 
designers, their characteristics and behaviours. At the meso-level, there are the process, the progression 
of the tasks, and the process project schedule domain. Finally, at the macro-level, there are the upstream 
project performance and quality of the tasks, assessment of rework, iteration, and task approval. 
5.1.3 System conceptualization  
This stage formalizes concepts, relationships, behaviours, and interactions, with the objective of 
removing ambiguities in preparation for an interpretable computational language. It also captures the 
actors' relationships, interactions, actions, behaviours, and states. The outcome from this stage is Table 
1, where actor interactions, behaviours, and states, were identified. 
 
Figure 3: System identification adapted form Djanatliev and German (2013) 
Table 1: System conceptualization of the handlebar system design for a bicycle 
5.2 Simulation model design 
The conceptual model derived from the systems identification and conceptualization is represented in 
the UML activity diagram in Figure 4, also showing the interactions between three teams. The 
narrative developed for the conceptual model is as follows: (1) The design cycle starts with the 
reception of one or more design requests. (2) Design teams receive the information simultaneously. (3) 
Design teams for the Brake lever and Gear change start working immediately. (4) However, the 
Handlebar design team must to wait for the Brake lever and Gear change designs to be able to carry on 
with its design task. (5) Each team develops its designs in an allocated amount of time. (6) At the 
decision gate, it is decided which designs are sent for feedback, and so design iteration, and which 
continue to the next phase. 
5.2.1 Detailed design 
Within this framework, the relevant activity in this stage is to make sure that identified concepts can 
be implemented in a computational language while retaining their original meaning. In Table 2, below, 
the main concepts have been translated into the simulation modelling blocks and initial parameters are 
established. The discrete events simulation diagram adapted with arrows depicts the model design 
Actors Relationship Interaction Actions Behaviours States
Affects the gear change design




Is affected by the brake lever and 
gear change design
Decides to carry on
Answering 
questions
Rejects the information 
received
Evaluates the information 
received
Provides design information














system   design
Evaluate information





Is affected by the iteration of the 
tasks
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implemented in the AnyLogic 8 package (https://www.anylogic.com/#tab1). This package supports 
the development of hybrid simulation models that combine discrete event, system dynamics, and 
agent-based approaches. This paper reports results from a discrete event simulation model that is part 
of a wider, hybrid, modelling exercise. 
5.2.2 Simulation results 
The discrete event simulation model presented in this paper is an early result of an integrative analysis 
that is considering how design iteration, rework, and the social interactions within and across design 
teams influence the progression and quality of design tasks in the new product development systems. 
The application of the model is currently limited to changes in the inputs, and their impact on time taken, 
i.e., the time taken by one "design request" entity to pass through the simulation system until it arrives at 
the "approved design" block.  Design requirements are fed into the model and transformed into designs. 
The number of designs produced is influenced by the number of feedback loops that occur. The model 
includes two kinds of feedback loop. Iterations are randomly selected feedback loops that occur within 
the design of a given part whereas rework loops span the design processes of multiple parts and are 
modelled as service delays to queues.  Together, these influence the time taken to produce a design and 
so, in a simulation experiment with a fixed runtime, the number of designs produced. 
Figure 4: UML activity diagram for the discrete events conceptual model. 
Table 2: Table of initial parameters for discrete events simulation 
 
In these simulations, the run-time is set to 156 weeks, where one simulation system tick represents one 
week and a month is 4.3 ticks.  
The input parameter to the simulation model is the number of design requirements, which has a direct 
impact in the project performance affecting both time in the system and the number of finished designs 
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counted in the "approved design" block at the end of the runtime.  The output of the simulation model 
is the number of designs produced in the runtime of the simulation experiment; this depends on the 
number of iterations and volume of rework given a fixed capacity. 
To analyse the impact of changes in inputs in the form of design requirements, an experiment was run 
starting with one, two, three, and four requirements per month, running 40 times on each configuration. 
The time plot represented in Figure 6(a) depicts iterations data generated by each configuration with 
156 weeks model run time in the "x" axis. The plots representing one, two, and three requirements per 
month reflect a progressive incremental behaviour in the accumulated number of iterations the "y" 
axis. However, the plot line for the four requirement inputs depicts only a small difference among the 
third input experiment in the analysed data. 
In Figure 6(b), the time plot chart shows data for the reworks recorded during the four input experiments. 
The analysis of data shows that with one and two requirement inputs, rework rate is not higher than 
0.34 with respect to iteration, but in the three and four requirements input, the rework rate is 1.89 and 
5.34 respectively. The data generated with this partial implementation suggest that a lower iteration 
rate does not necessarily mean a lower rework rate, as rework may have different sources. In the 
current state of the partial implementation of the model, rework data in experiments three and four are 
not yet reflecting yet a real world system. Further data collection and a gradual release of segments of 
the model should be performed in order to completely validate the model.  
Figure 5: Discrete events simulation diagram implemented in AnyLogic 8. 
 
Figure 6: Time plots showing results for (a) iterations and (b) rework for each experiment. 
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6 DISCUSSION 
The simulation model introduced in this paper reflects the complexities of real-world design processes 
by combining a general purpose design process framework and the architecture of the product being 
designed. With such a model, we are able to delineate specific feedback loops that occur in the process 
and so produce more realistic simulations of the design process than those that do not take account of 
the product being designed. Although not yet reflected in the model, the product architecture evolves 
through the process and so could be used to inform simulations of subsequent stages of the design 
process which, in turn, could be used to inform design decisions. For example, if alternative product 
architectures were being considered then the kinds of simulation models introduced here could be used 
to estimate the design time needed for each option. The results presented are preliminary, and have not 
yet been validated, but are presented here to illustrate the potential of the overall approach. The 
feedback loops captured in the simulation model span process stages. 
From literature on vicious and virtuous circles and 
design iteration, we recognise that, in addition to these 
feedback loops, which can usefully be seen as a form of 
rework, there are feedback loops that reflect the 
iterations of individual designers and design teams. 
These occur in the context of stage-gated processes, e.g., 
as shown in Figure 7.  The development of the discrete 
event simulation model, where the feedback loops 
represent rework, has allowed us to formulate 
requirements for the next stage of the work reported in 
this paper which is to incorporate agent-based models 
that represent design iteration as micro-level feedback 
loops. Building on Mykoniatis and Angelopoulou (2020), 
the main discrete events outputs have been identified, 
establishing  the  temporal  aspects  of  the  tasks and the 
Figure 7: Design iteration  
within the design process 
conceptualization of the system. The simulation is able to report the typical outputs of a discrete events 
simulation: time in the system, time in a queue, time to be served, and resources utilization. In the current 
simulation models, rework and iteration are characterized as random events that occur during the 
execution of the task. For this reason, they are quantified as numbers of events in the simulation runtime, 
but with the implementation of the agent-based model, iteration and rework will be triggered by states 
and conditions happening at the micro-level, with the agents (designers) sharing and requesting 
information, and influencing the design task at the meso-level of the discrete events simulation. 
7 CONCLUSIONS AND FURTHER WORK  
This paper reports results of early work on the development of simulation models of feedback loops in 
design processes.  We used a framework that supports the integration of three kinds of simulation 
model: discrete event, agent-based, and systems dynamics. Our focus on the discrete event simulations 
has enabled the identification of requirements for associated agent-based models by providing insights 
on Mykoniatis and Angelopoulou's (2020) second and third questions that surround the location of 
interaction points among the different simulation models and the ways in which these models interact 
with each other to exchange information. A key interaction point lies between the part design activities 
in the discrete event model and the agent-based models that capture designers' behaviours. In the 
current model, design events are allocated a length of time in which the design process is completed 
and design iterations are determined at stage gates and so span design steps for different parts. By 
integrating this model with agent-based models, we will also be able to explore design iterations 
within the designing of individual parts. 
In the longer term, future systems dynamics models will contribute to the study of non-linear behaviours 
at a product development system level. However, to add value in an engineering design context, they 
require integration with detailed models such as those introduced in this paper. A key feature of these 
models, and a challenge in simulating design processes, lies in the close relationship between the 
structures of design process and the product architecture that is developed through the design process 
itself. This paper paves the way for the establishment of digital twins of design processes, and so 
information communicated through both feedback and forward loops in design processes, carried out 
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within single organisations and across supply networks. In turn, such models could be used to identify 
optimal process pathways for a given design process and so inform the design of the product itself. 
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